Introduction {#s0001}
============

DNA replication and repair are the most fundamental biological processes in any known organism. Several factors have been evolved to control the fidelity and efficiency of these processes. Deregulation of any these processes can lead to several fatal diseases such as cancer.

Proliferating cell nuclear antigen (PCNA) is a central molecule at the crossroads of DNA replication and DNA repair. Its functions include also other vital epigenetic cellular processes, such as chromatin remodeling, sister-chromatid cohesion, and cell cycle control.[@cit0001] It has been even suggested that PCNA could be the main protein that executes "decisions" made by p53.[@cit0003] Its importance is strongly highlighted by its structural and sequence homology between distantly evolved organisms such as plants and animals.

Structurally, PCNA forms a homotrimer that encircles DNA forming a sliding clamp ([**Fig. 1A**](#f0001){ref-type="fig"}) that functions as a loading platform directly interacting in this way with several proteins involved in DNA replication and repair.[@cit0004] This platform slides along DNA increasing the processivity of DNA polymerase delta during DNA synthesis.[@cit0005] Figure 1.PCNA marks DNA replication and repair sites. (**A**) Crystal structure of PCNA (green) encircling the DNA (red) (PDB 1AXC). PCNA serves as a loading platform for several repair and replication factors that bind to a common PCNA region indicated with a dotted line. (**B**) During the DNA synthesis phase (S-phase) PCNA is recruited to sub-nuclear sites of DNA replication forming distinctive patterns over time that characterize different S-phase stages (shown schematically and with confocal images of GFP-PCNA expressing cells). (**C**) PCNA associates with sites of DNA damage induced by laser microirradiation. Scale bar 5 μm.

The recruitment of multiple proteins by PCNA must be regulated in a spatio-temporal manner to efficiently synchronize DNA replication and repair. Hundreds of proteins share common PCNA binding sites[@cit0006] and it has been proposed that the PCNA binding affinities play a critical regulatory role in the orchestrated progression of DNA repair and replication. It has been shown, for example, that yeast strains expressing mutant forms of PCNA with increased affinity for these proteins exhibit severe alterations in DNA replication and repair. This suggests that intermediate degrees of affinities might have evolved to allow numerous transient interactions in a hierarchical manner.[@cit0007]

One important PCNA interaction partner is the tumor suppressor protein p21^WAF^ [@cit0001] (p21). This protein controls tumor progression by inhibiting cyclin dependent kinases (CDKs) and directly binding to PCNA.[@cit0009] The C terminus of p21, responsible for its direct binding to PCNA, is well conserved among several PCNA binding partners. However, it is believed that p21 inhibits or disrupts cell cycle progression by having a higher PCNA binding affinity and competitively inhibiting the binding of other PCNA-interacting partners required for DNA replication. This hypothesis has led to the development of several PCNA binding peptides inspired in the C terminus of p21. It has been shown that synthetic peptides derived from p21 can arrest cell cycle progression and even kill cancer cells.[@cit0010]

During S phase and DNA damage repair, PCNA is co-localized with sites of active DNA synthesis.[@cit0014] The development of cell proliferation biomarkers in recent years has provided a much deeper understanding of these processes and has led to new clinical tools. Currently, there are two microscopy-based approaches commonly used to visualize the PCNA in replication and/or repair: (1) immunofluorescence in fixed cells and (2) ectopic expression of fluorescent fusions of PCNA in living cells.

Tumor growth correlates with an increase of PCNA levels. Immunostaining is commonly used to quantify the expression of PCNA in tissue as a diagnostic tool. A potential pitfall in quantifying the levels of PCNA to diagnose tumor growth is that these levels also increase during DNA repair. Therefore, the results of these tests can be easily altered by everyday natural factors such as sun exposure, which leads to UV induced DNA damage and other skin lesions.

Immunostaining methods cannot be performed directly in live cells as it requires cellular fixation and permeabilization. Live cell studies, on the other hand, currently require the transfection of cells with fluorescent fusions of PCNA or other replication factors thereby visualizing the replication foci.[@cit0014] These replication foci form patterns that undergo changes in individual cells throughout S-phase characterizing different stages of DNA synthesis as shown in [**Figure 1B**](#f0001){ref-type="fig"}. If DNA is damaged using laser microirradiation, the repair sites can also be detected by looking at the accumulation of recruited PCNA to the damaged sites as shown in [**Figure 1C**](#f0001){ref-type="fig"}. Successful markers for cell cycle analysis have already made use of these DNA constructs expressing PCNA fluorescent fusion tags.[@cit0016] A critical limitation of this approach is that cells need to be expressing the fluorescently labeled PCNA fusion protein. This causes a time delay and is not possible or efficient in primary cells or otherwise difficult to transfect cells.

Here we present the design of an instantaneous live cell replication and repair marker. This design is based on three key components: (1) a high affinity PCNA interacting peptide (PIP), (2) a cell-penetrating peptide (CPP) to transport the PIP into the cells, and (3) an intracellular cleavable linker between the two peptides, so that the PIP can get uncoupled from the CPP after reaching the interior of the cells. We first present the rationale of the peptide design. Then we show its uptake in live mammalian cells instantaneously labeling repair and replication sites.

Results {#s0002}
=======

All replication and repair factors seem to bind to a common region in PCNA, more specifically the p21 protein binds at the PCNA inter-domain connecting loop located within the area encircled with dotted lines in [**Figure 1A**](#f0001){ref-type="fig"}. The dual role of PCNA in replication and/or repair was visualized in living cells by transfecting fluorescent fusions of PCNA. In [**Figure 1B**](#f0001){ref-type="fig"} are shown different stages of S phase progression that form distinctive PCNA replication patterns. These characteristic replication patterns might arise as a consequence of higher order chromatin architecture and a timely orchestrated order in which chromatin is replicated. Early replication patterns represent actively transcribed euchromatin, whereas late replication patterns are associated with heterochromatic regions.[@cit0017] Laser microirradiation produces significant DNA damage leading to high PCNA recruitment at the irradiated sites as shown in [**Figure 1C**](#f0001){ref-type="fig"}. Here, we used these live cell assays for DNA replication and repair, using fluorescent tagged PCNA constructs, to directly test the cell permeability and PCNA binding ability of PIPs.

p21 contains a minimal consensus motif critical for its binding to PCNA, also called PIP-box (PCNA interacting protein or peptide), consisting of Q X X (h) X X (a) (a), where Q represents glutamine amino acid, X is any amino acid, (h) a moderately hydrophobic amino acid, and (a) aromatic residues highly hydrophobic side chains.[@cit0018] The p21~141--160~ peptide might be evolutionarily optimized to have higher affinity for PCNA than other replication factors. Therefore, we decided to optimize this peptide by searching for a consensus PIP-box motif as shown in [**Figure 2**](#f0002){ref-type="fig"}. We compared the PIP-box of p21, DNA ligase 1 and Pogo, mutated M147 for I and Y151 for F. The LIFS sequence, p21~157--160~, is also required to bind with CDK-cyclin complexes.[@cit0012] Since we were interested in targeting exclusively PCNA, to avoid unspecific binding with CDK-cyclin we removed the IFS sequence (p21~158--160~). The resulting new consensus peptide was named p21--08 ([**Fig. 2**](#f0002){ref-type="fig"}). Using the same set of sequences, p21~141--160~, DNA ligase I, and Pogo DNA transposase, a peptide called PL (Pogo-Ligase)[@cit0019] was already reported. PL binds to PCNA with an affinity very similar to that of the p21~141--160~ peptide. The PL peptide was obtained from the sequence of DNA ligase I and Pogo. Therefore, we used those two sequences to optimize instead p21~141--157~ obtaining p21--08 ([**Fig. 2**](#f0002){ref-type="fig"}). The PL and the newly derived consensus peptide p21--08 are the two PIP sequences we selected for the design of cell-permeable PCNA binding peptides to mark DNA repair and replication sites. Figure 2.Design of PCNA interacting peptides (PIP). The red box highlights the residues binding to the PCNA binding pocket. The dotted lines indicate the consensus mutations introduced on the p21~141--157~ peptide to optimize the PIP-box sequence and obtain the p21--08 peptide. The IFS (p21~158--160~) sequence from p21 was removed to reduce the binding between the p21--08 and the CDK-cyclin and make its binding more selective toward PCNA. Additionally a previously described[@cit0019] synthetic peptide PL derived from Pogo and DNA ligase I was used.

First we asked if these peptides would label replication sites in living cells. In [**Figure 3A**](#f0003){ref-type="fig"} are shown the sequences of these PIPs including the wild type p21~141--160~ peptide and the crystal structure of p21~139--160~ bound to PCNA (PDB ID 1AXC).[@cit0021] In [**Figure 3B**](#f0003){ref-type="fig"} we show structures of all these peptides interacting with a PCNA monomer obtained from molecular dynamics simulations. In these simulations we found that the wild type p21~141--160~, the p21--08, and the PL all got bound to PCNA. More specifically, all these peptides motifs spontaneously bound at distinctive regions of the inter domain connecting loop, PCNA~119--133~, which is critical for the binding of repair and replication factors. We microinjected these peptides and found that all of them can label PCNA at replication sites in live cells ([**Fig. 3C**](#f0003){ref-type="fig"}). This confirmed that the in vitro derived PL peptide and the new p21--08 peptide can bind to PCNA and label replication sites when coupled to a fluorescent tag. Next we asked if any of these labeled peptides would be cell permeable and enter into live cells. We found that when added to the extracellular media, none of these peptides were able to spontaneously cross the cell membrane and label PCNA ([**Fig. 3D**](#f0003){ref-type="fig"}). Figure 3.PCNA interacting peptides bind to PCNA in vivo but are not cell permeable. (**A**) Crystal structure of the PCNA trimer (green) with the C-terminus region of the p21 protein (red) bound to it (PDB ID 1AXC). The sequences of the p21 peptide and the two highest PCNA binding affinity peptides p21--08 and PL screened are displayed. (**B**) Structures of the p21 peptides and the two PIPs, i.e., p21--08 and PL sequences obtained from molecular dynamics simulations are shown. (**C**) Images showing that these peptides (\[F-p21\], \[F-p21--08\], \[F-PL\]) after microinjection clearly co-localize with GFP-PCNA at replication sites. (**D**) When the peptides are added to the extracellular media they are not able to enter the cells. The abbreviation PC stands for phase contrast and DIC for differential interference contrast. Scale bar 5 μm.

These peptides need to efficiently cross the cell membrane in order to label replication and repair sites in living cells when added to the extracellular media. It has been shown that cell-penetrating peptides (CPP) efficiently and spontaneously enter live cells transporting other cargo molecules such as peptides.[@cit0013] Therefore, to make the PIPs membrane permeable we first covalently coupled the p21--08 PIP to a CPP derived from the HIV-1 TAT protein (TAT peptide) able to transduce into live cells and transport other peptides.[@cit0022]

The nucleus of a cell expressing fluorescently labeled PCNA was microirradiated, which was accompanied by PCNA recruitment to the damaged site. However, the CPP sequence fused to PIP interfered with the its binding to PCNA ([**Fig. 4A**](#f0004){ref-type="fig"}) and mistargeted the peptide to the nucleolus, which is a known feature of arginine rich peptides.[@cit0024] Figure 4.Rationale to develop a cell permeable DNA replication and repair marker by targeting PCNA. (**A**) The nucleus of a cell expressing fluorescently labeled PCNA was microirradiated. PCNA is recruited to damaged DNA sites. Fusion of the PIP with a CPP \[F -TAT-p21--08\] makes it cell permeable. However, the CPP sequence interferes with the PIP binding to PCNA. (**B**) Design strategy: the PIP is coupled to a cell-penetrating peptide (in this case the TAT peptide) via a disulfide bridge; after transporting the PIP into the cell the disulfide bridge is reduced; the CPP accumulates mainly in the cytosol and nucleolus, while the PIP is free to reach and bind PCNA. (**C**) To visualize in live cells the separation of the PIP from CPP, we labeled each sequence with a different fluorescent dye. The TAT peptide labeled with TAMRA is coupled by a disulfide bridge to the PIP peptide labeled with FITC \[R-TAT(-SS-)p21--08-F\]. It can be seen that the free PIP labels the site of DNA damage, whereas the CPP distributes mainly in the cytosol and nucleolus. Experiments were repeated at least two times. Scale bar 5 μm.

This was solved by coupling the PIP to the CPP through a disulfide bridge. This disulfide bridge can be reduced in the reducing environment of the cytosol thereby uncoupling the active peptide (PIP) from the CPP ([**Fig. 4B**](#f0004){ref-type="fig"}). To test this coupling design we labeled the CPP with TAMRA and the PIP with FITC. If both peptides get uncoupled in the cytosol, the fluorescent label in each peptide should display a different and distinctive intracellular distribution. Importantly, the uncoupled PIP peptide should be recruited by PCNA. To test this idea we delivered the peptide into laser microirradiated cells ([**Fig. 4C**](#f0004){ref-type="fig"}). It can be seen that the PIP peptide accumulated at microirradiated sites, whereas the CPP distributed mainly in the cytosol and nucleolus. This shows that the TAT peptide was able to transport the PIP peptide into the cells, once inside the cells the PIP peptide was uncoupled from the carrier and able to bind PCNA. The uncoupling step seemed to be crucial for the PIP binding to PCNA, since only the decoupled PIP was recruited to the microirradiated site (only the PIP green fluorescent signal increases at the microirradiated sites). Although this PIP (p21--08) was able to label repair sites we did not detect PCNA labeling at replication sites (**Fig. S1**).

Next, we applied the same CPP coupling design ([**Fig. 4B**](#f0004){ref-type="fig"}) for the PL sequence. In [**Figure 5**](#f0005){ref-type="fig"} it can be seen that the PIP fluorescence signal colocalizes with PCNA at laser microirradiated sites in live cells transfected with GFP tagged PCNA. Therefore, the in vivo cleaved PIP marks repair sites. Figure 5.In vivo immediate labeling of DNA repair sites. Cartoon representation of the experimental protocol and time-lapse snapshots obtained using confocal microscopy are illustrated. GFP tagged PCNA expressing cells were microirradiated. The PL peptide fluorescently labeled and coupled by a disulfide bridge to the TAT peptide \[TAT(-SS-)PL-R\] was added to the extracellular media. PIP labels PCNA at repair sites. The abbreviation DIC stands for differential interference contrast. Experiments were repeated at least three times. Scale bar 5 μm.

This peptide was also able to label DNA replication sites. In [**Figure 6**](#f0006){ref-type="fig"} it is shown the nucleus of cells expressing GFP tagged PCNA along different stages of the cell cycle. The PIP added to the extracellular media was able to reach the interior of living cells, co-localize with PCNA at replication sites, and distinctively label replicating cells at different S-phase stages. At higher concentrations though, the peptide inhibited DNA synthesis as measured by detecting nucleotide incorporation (**Fig. S2**). Figure 6.In vivo immediate labeling of DNA replication sites in S-phase. Cartoon representation of the experimental protocol and time-lapse snapshots obtained using confocal microscopy are illustrated. GFP tagged PCNA expressing cells at different cell cycle stages recognizable by the PCNA sub-nuclear patterns were identified and the same peptide as in [Figure 5](#f0005){ref-type="fig"}, PL coupled to TAT peptide via disulfide bridge \[TAT(-SS-)PL-R\], when added to the extracellular media, labeled the sites of active DNA replication. Experiments were repeated at least three times. Scale bar 5 μm.

The above results also suggest that these peptides could potentially be used in the place of antibodies in fixed cells, which can be particularly useful for common immunostaining applications. In [**Figure 7**](#f0007){ref-type="fig"} it is shown that the PL alone can be used in fixed and membrane permeabilized cells to label ectopically expressed ([**Fig. 7A**](#f0007){ref-type="fig"}) and endogenous PCNA ([**Fig. 7B**](#f0007){ref-type="fig"}). Figure 7.PCNA interacting peptide (PIP) labels replication and repair in fixed cells. (**A**) Here replication and repair sites can be directly visualized in fixed cells without the need of antibodies by PL peptide \[F-PL\] in the presence of ectopically expressed PCNA. (**B**) The same PL peptide clearly marks the endogenous PCNA. Experiments were repeated at least three times. Scale bar 5 μm.

The cell-permeable PIP (**Fig. S3**), on the other hand, after fixation still marks repair sites but in the case of replication it got redistributed and accumulated in the nucleolus. This indicates that live cells labeled with the cell permeable PIP can be fixed for further postmortem analysis only for DNA repair without disrupting the PCNA labeling by PIP.

Finally, in [**Figure 8**](#f0008){ref-type="fig"} it is shown that the cell permeable PIP, obtained by coupling the TAT and the PL peptide through the intracellular cleavable disulfide bridge, also labeled DNA replication and repair sites in live cells from different species. Figure 8.The cell permeable and intracellular cleavable PIP directly labels DNA replication and repair in different cell types and species. The PL peptide fluorescently labeled and coupled by a disulfide bridge to the TAT peptide was added to the extracellular media on a variety of cells as indicated, with and without laser microirradiation. In the absence of labeled PCNA the PIP allows a clear classification of S-phase replication stages and damaged DNA sites. The abbreviation DIC stands for differential interference contrast. Experiments were repeated at least three times. Scale bar 5 μm.

Discussion {#s0003}
==========

In this study, we designed a cell permeable peptide able to label DNA replication and repair sites in live cells. The strategy was essentially based on coupling a fluorescent labeled high affinity PCNA binder peptide (PIP) to a cell-penetrating peptide.

When the PIPs were microinjected into the cells these peptides were able to label PCNA. However, none of them were able to spontaneously cross into the cells when added to the extracellular media. To overcome this limitation the PIPs were coupled to a cell-penetrating peptide. When the PIP and the cell-penetrating peptide were covalently coupled we observed that the peptides were able to cross the plasma membrane but the binding and labeling of PCNA was inhibited. At least partially, the reason for this could be that the TAT peptide sequence miss-localized the PIPs. The TAT peptide localizes mainly in the cytosol and nucleolus[@cit0026] while the PIPs need to get distributed in the nucleoplasm to reach and bind to PCNA effectively.

To this end we coupled the TAT and the PIPs via a disulfide bridge that displayed intracellular cleavage. This partially restored the PCNA binding of the p21--08 PIP. This peptide was able to translocate into the cells and label DNA damaged sites but was unable to label replication sites. It is possible that this is a consequence of the mutation introduced in the p21--08 original sequence by the addition of the cysteine amino acid. The dye linker in this case was also different from the microinjected version of the peptide. All these small changes could have potentially altered the p21--08 PIP\'s binding affinity to PCNA. Although, the reason why the cell permeable disulfide coupled p21--08 peptide was able to label repair sites and not replicating sites requires further research, this could still be potentially very advantageous to selectively label repair sites.

When the same design strategy was used for the PL peptide, we found that this newly engineered peptide was cell permeable and able to instantaneously label both DNA replication and repair sites in live cells.

We observed that the PCNA labeling is transient, indicating that the PIPs are being actively degraded in live cells. Depending on the particular application, there are several strategies that could be further adapted to avoid degradation and extend the intracellular stability of these peptides, such as the introduction of unnatural amino acids or by using PEGylated peptides as previously described.[@cit0027] However, the best approach is not obvious, since as shown in the case of p21--08 even small modifications in the sequence can significantly alter the PCNA binding of these peptides. All peptides in this study contain also the "PIP degron" motif (Q XX (h) TD (a)(a) XXX K/R).[@cit0028] It has been shown that although this motif enhances PCNA binding the last amino acid (K or R) is critical for degradation. This degradation seems to play a regulatory role to avoid proteins bearing this motif from blocking DNA repair.[@cit0029] Therefore, mutating this last amino acid offers a simple alternative route to enhance stability of these peptides potentially leading to a simultaneous increase in labeling and blocking DNA repair.

We have shown also that labeled PL, uncoupled to the TAT peptide, can be used on fixed cells following standard fixation protocols. Therefore, this peptide could also be used as a quick PCNA marker replacing primary and/or secondary antibodies used in immunofluorescence staining methods.

Peptides with high PCNA binding affinity derived from consensus motifs, containing the PIP box motif[@cit0019] (such as the peptides presented here) or alternatively peptides containing the APIM consensus motif,[@cit0030] possess the inherent ability to competitively interfere with the PCNA recruitment of replication and repair factors. Covalently coupling these peptides to cell-penetrating peptides shows great potential as an effective route to transport these peptides and inhibit proliferative processes (see also **Fig. S2**).[@cit0013] In particular, it has been reported that both the PL and p21 peptides interfere with DNA replication.[@cit0013] The results presented here outline a general strategy to design and efficiently deliver these functional peptides using cell-penetrating peptides providing a versatile tool to potentially target proliferative diseases. Consequently, the cell permeable PCNA binding peptides presented here offer interesting therapeutic venues to selectively target and distinguish replication and repair.

In summary, here we have designed the first cell permeable PCNA binding peptide that instantaneously labels cells undergoing DNA repair and replication across mammalian species.

Materials and Methods {#s0004}
=====================

Peptides {#s0004-0001}
--------

Peptides used for this study ([**Table 1**](#t0001){ref-type="table"}) were synthesized by Biosyntan GmbH (Berlin, Germany). TAMRA-5-tetramethylrhodamine and FITC-fluorescein-isothiocyanate were the fluorophores used for labeling the peptides. Peptide stock solutions were prepared by dissolving the lyophilized peptides in deionized autoclaved water. Table 1.Summary of peptidesNameSequence**F-p21FITC**-Ahx-KRR**Q**TSM**TD**FY**H**S**K**RRLIFS**F-p21--08FITC**-Ahx-KRR**Q**TS[I]{.ul}**TD**F[F]{.ul}**H**S**K**RRL**F-PLFITC**-Ahx-SAVL**Q**KKI**TD**YF**H**P**K**K**F-TAT-p21--08FITC**-GRKKRRQRRRAAAKRR**Q**TS[I]{.ul}**TD**[F]{.ul}F**H**S**K**RRL**TAT(-SS-)p21--08-F**GRKKRRQRRR-C\
C-KRR**Q**TS[I]{.ul}**TD**[F]{.ul}F**H**S**K**RRL-K(**FITC**)**R-TAT(-SS-)p21--08-FTAMRA**-GRKKRRQRRR-C\
C-KRR**Q**TS[I]{.ul}**TD**[F]{.ul}F**H**S**K**RRL-K(**FITC**)**TAT(-SS-)PL-R**RRRQRRKKRG-C\
C-SAVL**Q**KKI**TD**YF**H**P**K**KG-EDA-**TAMRAR-TATTAMRA**-GRKKRRQRRR-C[^1]

Plasmids {#s0005}
--------

Mammalian expression constructs encoding translational fusions of GFP-PCNA, RFP-PCNA were described in references 32 and 33. pFRT-B-OPCNA was generated from pEF5/FRT/V5 Topo (Invitrogen) by replacing hygromycin with blasticidin and inserting Orange-PCNA after the EF1 α promoter.

Cells, culture, transfection, and microinjection {#s0005-0001}
------------------------------------------------

Human cell line HeLa was cultured in Dulbecco\'s modified eagle medium (DMEM) and HaCaT with Roswell Park Memorial Institute (RPMI) 1640 medium, both supplemented with 10% fetal calf serum, 50 μg/ml gentamicin, and 2 mM glutamine. Mouse myoblasts C2C12[@cit0034] cells were cultured in DMEM supplemented with 20% fetal calf serum, 50 μg /ml gentamicin, and 2 mM glutamine. Mouse 3T3 fibroblasts stably expressing Orange tagged PCNA were generated by Flp recombinase mediated site specific integration of pFRT-B-OPCNA in Flp-In-3T3^TM^ cells (Invitrogen) according to the manufacturer\'s instructions. Stable clones were selected with blasticidin 2.5 μg/ml in 10% fetal calf serum, 50 μg/ml gentamicin, and 2 mM glutamine. Baby hamster kidney cell line was grown in Glasgow minimal essential medium supplemented with 10% fetal calf serum, 50 μg/ml gentamicin, 2 mM glutamine, and 150 μg/ml hygromycin B as previously described.[@cit0035]

All cell culture media was purchased from Sigma-Aldrich. All the cell lines were grown at 37 °C in a humidified atmosphere with 5% CO~2~. For transfecting the cells polyethylenimine was used as previously described.[@cit0036]

Microinjection of the peptides was performed using an Eppendorf microinjection and micromanipulation system mounted on a Zeiss LSM510Meta confocal microscope. All the peptides were diluted to 100 μM in PBS and injected into the cells. The parameters for cytoplasmic microinjection are two seconds injection with 50 fPa injection pressure and a constant back pressure of 20 fPa, i.e., 30 fPa final injection pressure.

Fluorescent labeling with PIP {#s0005-0002}
-----------------------------

Cells were fixed with 3.7% formaldehyde for seven minutes at room temperature. They were permeabilized with 0.5% Triton X-100 for 15 min and washed with PBS. Fluorescently labeled PL peptide was diluted to 13 μM final concentration with PBS, added to the fixed cells, incubated for 30 min at room temperature and washed with ice cold PBS gently. Hence replication and repair sites can be directly visualized in fixed cells without the need of PCNA antibodies. In case of staining for multiple epitopes, normal immunostaining procedure was followed with other antibodies and then the peptide PIP was added followed by 5 min post-fixation with 3.7% formaldehyde. The 4\',6-diamidino-2-phenylindole (DAPI) was used to stain the DNA content. The coverslips were mounted in Mowiol 4--88 (Sigma-Aldrich Chemie). PIP binding is not stable to extensive washes when used in combination with other antibody stainings. It should be added at the end avoiding further washes.

In situ replication assay {#s0005-0003}
-------------------------

To assay for DNA synthesis inhibition by the peptides, the thymidine analog BrdU was added to the cells at 100 μM final concentration for 20 min. BrdU incorporation during DNA replication was visualized as described,[@cit0033] using a rat monoclonal anti BrdU antibody (Gentaur catalog no. OBT0030CX; 1:100 dilution).

Molecular dynamics simulations {#s0005-0004}
------------------------------

Molecular dynamics simulations were performed using the GROMACS package, version 4.5.6,[@cit0037] and the Amber ff99SB[@cit0038] force field. The temperature of the system was kept constant, coupling independently each group of molecules at 300 K with a v-rescale thermostat. The pressure was coupled to a Berendsen barostat at 1 atm isotropically. The temperature and pressure time constants of the coupling were 0.2 and 2 ps, respectively. The integration of the equations of motion was performed by using a leap frog algorithm with a time step of 2 fs. Periodic boundary conditions were implemented in all systems. A cutoff of 1 nm was implemented for the Lennard-Jones interactions and the direct space part of the Ewald sum for Coulombic interactions. The Fourier space part of the Ewald splitting was computed by using the particle-mesh Ewald method, with a grid length of 0.11 nm and using a cubic spline interpolation. The systems were composed of a PCNA monomer, one peptide, 15 000 water molecules, and potassium ions to neutralize the total electric charge of each system. The PCNA crystal structure conformation 1VYM[@cit0019] from the protein data bank was used as the initial conformation of the PCNA monomer. The PCNA monomer was placed at the center of a cubic periodically replicated simulation box and the peptides were placed in a stretched conformation at a corner of each box. The total simulation time for each system expanded 2 μs.

Live cell peptide uptake, microscopy, and microirradiation {#s0005-0005}
----------------------------------------------------------

Peptides were further diluted in DMEM medium (SIGMA-Aldrich, Steinem, Germany) to a final concentration of 15 μM and directly added to the cells. To visualize the DNA replication, cells expressing fluorescently tagged PCNA or not were directly imaged. Whereas for visualizing the DNA repair sites, damage was induced by selecting specific spots in the nucleus of the cells and microirradiating with a 405 nm laser as previously described.[@cit0039] After the laser induced DNA damage, peptides at a concentration of 13 μM were added to the cells and the recruitment of the peptide at the repair site was monitored. Imaging for longer time points (\>10 min) requires removal of the peptides followed by the addition of growth media to prevent excess uptake by the cells, and was preferentially adopted for repair experiments. Confocal microscopic images were collected using an Ultra VIEW VoX spinning disc system (Perkin Elmer) or on a Nikon Ti microscope equipped with an oil immersion Plan-Apochromat × 60/1.45 NA objective lens (pixel size in XY = 111 nm, Z-step = 0.3--1 μm) with laser lines at 405 nm, 488 nm, and 561 nm. During this time cells were kept in closed chamber designed to fit the microscopy stage at 37 °C in a humidified atmosphere with 5% CO~2~ using the ACU control system from Olympus.

Microirradiation experiments were performed with 405 nm diode laser set to maximum power at 100% transmission available in the Nikon Ti spinning disc microscope. Preselected spots of 1 μm in diameter within the nucleus were microirradiated for 1.2 s. Prebleach and post bleach images were recorded based on the individual peptide recruitment kinetics.
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###### Supplemental Data

[^1]: The fluorophores 5,6-carboxytetramethylrhodamine (TAMRA or R) andfluorescein-isothiocyanate (FITC or F) were used for labeling the peptides. (Ahx) refers to aminohexanoic acid and (-SS-) to disulfide bridge. Amino acids common to the three PIP sequences studied here are aligned and displayed in bold as a reference for easy visualization. Residues changed in the p21--08 sequence relative to wild type are underlined.
